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Abstract

Trauma-related disorders are becoming more prevalent among our youth. This increase,
together with a lack of age-specific therapies for trauma, has created a significant gap in our
ability to effectively treat young individuals for trauma-related disorders. Early life trauma with
or without a memory of the traumatic experience can have long-lasting consequences on neural
activities involving the hippocampus, amygdala, and medial prefrontal cortex (mPFC) in both
humans and rodents. The research conducted involves a rodent trauma paradigm, which is
translationally relevant and particularly useful for investigating underlying neural mechanisms of
traumatic memory retrieval in juvenile and adult rodents. There is a consensus in the literature
that young animals do not have the memory capacity of adults. However, a better understanding
of the brain mechanisms for this ontogenetic difference is needed to develop age-specific
therapies for trauma. Our own research has shed some light on understanding the neural
mechanisms driving this ontogenetic difference in memory capabilities. We show that adults and
juveniles differentially engage the AMPAr subunits in both the hippocampus and amygdala
following traumatic-memory retrieval. To advance our understanding of the differences between
the neurochemistry of trauma in adults and juveniles, we characterize the AMPAr subunits,
GluA1, GluA2, and GluA3 in the mPFC following traumatic memory retrieval. Rats were
divided into two conditions, either trauma exposure (pedestal for 1 hour) or no-trauma exposure
control (home cage). During training, rats were placed in an open field enclosure for 5 minutes.
Inside the open field, there was a pedestal (6”L×6”W x 4’H). Following initial exploration of the
open field, trauma-exposed animals were placed on top of this pedestal for 60 minutes; animals
in the control group were placed in their home cages. Each animal was returned to the open field
for 5 minutes either 1 day or 7 days post initial exposure. Freezing behavior was analyzed during
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the re-exposure to the open field context (also known as the memory retrieval test). At 1-day
post-trauma, both adults postnatal (PN) day 90 and juveniles (PN26) show significant increases
in context-specific freezing compared to no trauma controls. The behavioral results show that
both juveniles and adults show similar amounts of freezing behavior when re-exposed to the
trauma context. However, the neurochemical response following re-exposure was significantly
different showing that Adults significantly downregulate GluA2 expression, but juveniles do
not. Seven days following trauma, only adults show significant trauma-context freezing, but not
juveniles. This behavioral pattern is reflected in GluA2 expression showing adults increasing this
subunit but not juveniles. There were no changes in the expression of GluA1 or GluA3. These
data identify a novel mechanism by which recent and long-term traumatic memories are
modulated in the mPFC by select AMPAr subunit activity and identify a potential therapeutic
target for mitigating the effects of trauma.
Keywords: trauma, memory, PTSD, medial prefrontal cortex, AMPA receptors, GluA2,
juvenile.
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Adult and juvenile rats differentially express mPFC GluA2
following traumatic memory retrieval
1. Traumatic events and post-traumatic stress disorder.
Exposure to traumatizing events can lead to persistent traumatic memories in the form of
flashback memories and these episodes can have adverse effects on an individual’s life. Trauma
severely compromises the quality of life, affecting family and social relationships as well as
causing problems in the workplace (APA, 2013). Maladaptive responses to traumatic memories
can lead to the development of stress-related disorders like acute stress disorder or post-traumatic
stress disorder (PTSD). Acute stress disorder is described as behavioral disturbances that develop
within a month after exposure to extreme trauma. Acute stress disorder symptoms usually begins
showing during or shortly following the trauma. If the symptoms persist for more than one
month, the diagnosis can change from acute stress disorder to PTSD. PTSD is an incapacitating
condition that a significant percentage of the population will develop after experiencing stressful
or traumatic life events. PTSD symptoms comprise of the re-experiencing of the event in the
form of persistent and intrusive memories, followed by flashbacks, nightmares, hyperarousal,
and sleep disturbances, changes in memory and concentration. PTSD also has adverse effects on
cognition, mood, and startle responses (Teeters, Lancaster, Brown, & Back, 2017). This cluster
of symptoms appears to reflect the persistence and abnormal adaptation of neurobiological
systems that are associated with trauma-induced memory formation. Extensive studies have
shown that severe trauma can modify the neurocircuitry of brain areas important for learning and
memory formation [for review, see (Lupien, McEwen, Gunnar, & Heim, 2009; Stephen Maren,
K. Luan Phan, & Israel Liberzon, 2013; McEwen, 2000)]. Diagnosing PTSD is problematic,
since there are co-morbid symptoms that are also present in other psychiatric disorders such as
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major depressive disorder, generalized anxiety disorder and even phobias (Spitzer, First, &
Wakefield, 2007), which can lead to misdiagnosing PTSD, an issue that is particularly prevalent
in young individuals.

1.1. Diagnosing PTSD
There are some measures available to help diagnose PTSD and evaluate its severity. These
include structured interviews, self-report measures, and multiscale personality inventories
(Morina, Koerssen, & Pollet, 2016). Although physiological and biological assessments provide
more objective information than a patient's self-reports, to date, there are no biological markers
that can be used as a gold standard for diagnosing PTSD. However; there is evidence linking
PTSD to several biological abnormalities that can statistically discriminate PTSD patients from
non-PTSD control groups in various studies. These measures include traumatic memory
retrieval-induced elevations in heart rate, blood pressure, and skin electrical conductance
(Michopoulos et al., 2015; Pitman et al., 2012).

1.2. Prevalence of PTSD in adults and children
PTSD is often thought of as an adult disorder; however, in adult populations it is estimated
that only 8.3% of this age group are at risk (Kilpatrick et al., 2013). Children and adolescents, on
the other hand, are extremely vulnerable to developing PTSD. An estimated 60% of this
population will experience a traumatic event by the end of adolescence (McLaughlin et al.,
2013), and approximately 5-16% will develop PTSD (Alisic et al., 2014; Merikangas et al.,
2010). Children and adolescents with PTSD left untreated have increased risk for substance use,
poorer mental health, and suicide (Chapman & Ford, 2008).
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1.3. Treatment of PTSD
There are several potential therapeutic treatments for mitigating the long-term effects of
trauma-induced psychopathologies; however, they are not universally effective for a child,
adolescent, and adult patients. Psychological treatments for PTSD such as cognitive-behavioral
therapy (CBT) and exposure therapy are only effective in about 50% of the adult population
treated (Kaczkurkin & Foa, 2015). The situation appears to be worse with psychopharmacology
treatment. A recent report has revealed that the effect sizes of pharmacological agents for
treatment in adults with PTSD, compared to placebo groups are lower than the effect sizes for
psychological treatments (Hoskins et al., 2015). Currently, there are no medications approved by
the US Food and Drug Administration for the treatment of PTSD in children (Morina et al.,
2016). One major hurdle in developing age-appropriate therapies involve incomplete and
conflicting data guiding psychopharmacological interventions in adolescents. As a result, youths
are often prescribed the same medications as adults (Morina et al., 2016). We believe that an
additional hurdle towards developing efficacious age-dependent therapies is an incomplete
understanding of the neural circuitry and mechanisms underlying the neurobiological and
chemical changes that are induced by traumatic events in juveniles and adults. Having a greater
data base of this neural circuitry across juveniles and adults could significantly advance
developing age-dependent therapies and impact the future outcomes for treating trauma-exposed
youth.
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2. Ontogenetic effects of memory
In humans, memories for events that occurred early in life are forgotten more rapidly than
events that occurred later in life. This form of accelerated forgetting during infancy is also
observed in non-human species and has been most extensively studied in rodents.

2.1. Memory capabilities in young rodents
Animals studies on memory formation reveal that young animals do not maintain memories
as long as adults (Akers, Arruda-Carvalho, Josselyn, & Frankland, 2012; Ramsaran, Schlichting,
& Frankland, 2018). Studies have characterized the development of various memory capabilities
in young rodents. These studies show that at postnatal seventeen rats form memories that can be
differentiated by various contexts (Brasser & Spear, 2004; Foster & Burman, 2010; Yap &
Richardson, 2005). By postnatal day twenty-three, young rodents develop the ability to form
associations between a context and an aversive stimulus (Raineki, Cortes, Belnoue, & Sullivan,
2012; Rudy & Morledge, 1994). However, memory retention for context specific associations
are significantly reduced seven days after the initial memory is formed in young animals
(Raineki et al., 2012; Schiffino, Murawski, Rosen, & Stanton, 2011). The neural mechanisms
that underlie this reduced capacity in young organisms are mostly unknown (Akers et al., 2012;
Ramsaran et al., 2018). In humans, young children and even infants can learn and remember
specific tasks, but, show a decreased ability to maintain new memories (Bauer, 2006; RoveeCollier, 1990; Rovee-Collier & Cuevas, 2009). Studies on developmental differences in memory
retention identified a phenomenon now referred to as infantile amnesia. A central characteristic
of this phenomenon is the failure of adult organisms to recall events that they experienced during
infancy or childhood (Rovee-Collier, 1990). This reduction in memory capacity in children is not
the result of poor encoding of information because even younger children, given the same
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amount of and sometimes more time to learn, do not retain the memory. In other words, they
forget (Bauer & Larkina, 2014; Guskjolen, Josselyn, & Frankland, 2017). An explanation for this
reduction in memory capacity is the result of either a failure in memory storage or memory
retrieval. Studies tested these two hypotheses using reminders of the earlier experiences and were
able to decrease the forgetting of these memories in infants. These results suggest that deficits in
memory capacity during infancy are not due to storage failure but rather to memory retrieval
failure (Kim & Richardson, 2007; Li, Kim, & Richardson, 2012). Additional research has
confirmed this current view showing that infant-related memory deficits are in fact, directly
linked to memory retrieval failure (Josselyn & Frankland, 2012; Madsen & Kim, 2016; RoveeCollier & Giles, 2010). Animals studies complement these findings, as infant rodents trained in
the Morris water maze remember the position of the platform that was hidden when tested 24
hours after training, but were unable to remember when tested 30 days later. However, the
memory can be reactivated by a reminder trial of the platform position 1 hour prior to testing
(Guskjolen et al., 2017). Similarly, juvenile rodents trained in inhibitory avoidance are able to
recall the memory 30 days later after a reminder trial that was given 1 hour before testing
(Alberini & Travaglia, 2017; Li & Richardson, 2013). Nonetheless, this effect was not seen if the
reminder trial was given 24 hours before testing. This evidence suggests that while infant and
juvenile rodents can improve their memory retention capabilities with reminder trials, these
reminder trials are effective only when given shortly before test. These results highlight that even
though some manipulations can be made to extend juvenile and infant memories, they continue
to show deficits compared to adults (Alberini & Travaglia, 2017; Li & Richardson, 2013). The
underdeveloped nature of the memory-related circuitry in young animals may be a major
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contributing factor for these deficits. This perspective is further developed in the following
sections.
3. PFC-Amygdala-Hippocampus neurocircuitry
During development, brain regions that are essential for processing learning and memory
develop differentially, particularly the PFC, hippocampus, and amygdala. These different
developmental trajectories for PFC, hippocampus and amygdala are expected to play crucial
roles in the ontogenetic differences seen in memory capabilities between adults and younger
populations (Madsen & Kim, 2016; Rovee-Collier & Giles, 2010). However, since the mPFC
receives outputs from the ventral hippocampus (Kim, Li, & Richardson, 2011; Vertes, 2006),
with indirect outputs from the dorsal hippocampus, and reciprocal connections with the
basolateral amygdala (Hoover & Vertes, 2007) it is proposed to play a larger role in the ontogeny
of memory capability (Vertes, 2006; Zhang, 2004).

3.1. Adult vs Juvenile neural circuitry
To better address these ontogenetic differences in memory capacity between adults and
juveniles, it is important to address the neural circuitry at the morphological level. For example,
a series of developmental changes take place in the limbic region and the mPFC during the
juvenile and adolescent periods. In rats, there is an overproduction of axons and synapses
observed during prepubescence, followed by rapid synaptic pruning during adolescence (Crews,
He, & Hodge, 2007). This dendritic pruning appears to be localized in the amygdala (Zehr, Todd,
Schulz, McCarthy, & Sisk, 2006), and the prefrontal cortex (Andersen & Teicher, 2004;
Andersen, Thompson, Rutstein, Hostetter, & Teicher, 2000). Additionally, continual growth in
the density of projections connecting the amygdala, prefrontal cortex, and hippocampus continue
into early adulthood (Afroz, Parato, Shen, & Smith, 2016; Cunningham, Bhattacharyya, &
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Benes, 2002). The protracted development and maturation of these brain regions may lead to a
temporal difference in the onset of manifestation of different learned behaviors. For example,
adult-like fear response emerges between postnatal (PN) days 12-15, with the maturation of the
amygdala, a region critical for fear and threat response processing (Bouwmeester, Wolterink, &
van Ree, 2002; Chareyron, Lavenex, & Lavenex, 2012; Moriceau, Wilson, Levine, & Sullivan,
2006). However, the rat hippocampus remains immature, starting to achieve full maturation at
PN 24 (Raineki et al., 2010; Travaglia, Steinmetz, Miranda, & Alberini, 2018). Studies report
that the number of cortical neurons in the PFC continue to be modified between PN 35-90 which
is considered to be relatively late in developmental process. These studies provide evidence that
synaptic reorganization is still occurring from the adolescent period until adulthood (Markham,
Morris, & Juraska, 2007; Rubinow & Juraska, 2009), highlighting the delayed development of
areas within the PFC.
4. Role of mPFC and trauma-induced memory
The mPFC is profoundly affected by fearful experiences and traumatic events (Maren, Phan,
& Liberzon, 2013; McEwen, 2000). While the mPFC is important for cognitive processes, as
well as mnemonic processes, including working, contextual, and long-term memory it has also
been shown to play a role in different emotional processes (Heidbreder & Groenewegen, 2003;
Hyman, Ma, Balaguer-Ballester, Durstewitz, & Seamans, 2012; Quirk, Russo, Barron, & Lebron,
2000). Studies also show that the inactivation of areas of the mPFC prevents the formation of
long-term fear memories (Corcoran & Quirk, 2007; Zelinski, Hong, Tyndall, Halsall, &
McDonald, 2010). Furthermore, inactivating the neurotransmitter glutamate (Migues et al., 2016)
or increasing GABA (Fang et al., 2018) has significant effects on the reduction of threat
memory. The mPFC area is comprised of two main cellular components, the glutamatergic
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neurons and the GABAergic interneurons (Popoli, Yan, McEwen, Sanacora, 2012); both
neurotransmitters are associated with memory modulation in the mPFC (Covington et al., 2010;
Vermetten & Bremner, 2002; Yuen et al., 2009). During the last decade, the critical involvement
of protein synthesis and immediate early genes (IEG) expression in memory acquisition and
reconsolidation have been discovered (Matsuo, Reijmers, & Mayford, 2008; Rumpel, LeDoux,
Zador, & Malinow, 2005). More specifically, protein synthesis and IEG activation are processes
that are linked to the critical role of glutamate and glutamate receptor activities during memory
formation, retrieval and reconsolidation (Rao-Ruiz et al., 2011). These recent discoveries are
instrumental as we try to gain a better understanding of the molecular mechanisms driving
memory modulation within the PFC.

4.1. Glutamate receptors, memory, and mPFC
In addition to understanding the role of the mPFC in trauma memory formation and retrieval
processes, it is also equally important to identify the neural mechanisms underlying these
processes. Delinating these neural processes that underlie memory retrieval is fundamental to
identifying new therapeutic targets. We focus on glutamate as a primary source of neural activity
within the PFC since the neural network in this region is mainly comprised of glutamatergic
pyramidal neurons (about 80%) (Popoli, Yan, McEwen, & Sanacora, 2011). It is the
glutamatergic transmission within the PFC that controls recurring excitation, which is essential
for memory processing (Goldman-Rakic, 1995; Gibbs, Hertz, & Ng, 2004). More specifically,
the glutamate AMPA receptor subunits are proposed to play a significant role in the rapid
excitatory neurotransmission (Verdoorn et al., 1991) and are essential for synaptic plasticity
(Hong et al., 2013; Rumpel et al., 2005; Henley and Wilkinson, 2016; Shepherd, 2012).
Evidence shows that traumatic experiences increase glutamate release in the mPFC, and surface
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expression of NMDA and AMPA receptors in the same region (Yuen et al., 2009; Yuen et al.,
2011). These results indicate a molecular response to traumatic events that affect AMPA
receptors expression in the mPFC.

4.2. AMPA receptor subunits characterization
AMPA receptors are comprised of four different subunits (GluA1-4), all of which can
modulate synaptic plasticity long-term potentiation (LTP) and depression (LTD), as well as
cognition (Chater & Goda, 2014). There are three calcium-permeable (CP) AMPA subunits,
GluA1,3,4, and can be expressed as homomers and heteromers (Passafaro, Piech, & Sheng,
2001; Shi, Hayashi, Esteban, & Malinow, 2001). The only calcium non-permeable subunit is
GluA2 which is also known for the following characteristics: [1] it is the rate-limiting factor for
calcium influx that regulates the passage of calcium into the cell (Isaac, Ashby, & McBain,
2007); [2] it is highly expressed in the PFC as GluA1/GluA2 and GluA2/GluA3 heterodimers,
(Murphy, Tcharnaia, Beshara, & Jones, 2012); [3] it is highly important for learning (Joels &
Lamprecht, 2010) and [4] essential for long-term memory (Henley & Wilkinson, 2013; Migues
et al., 2010; Sebastian, Estil, Chen, Schrott, & Serrano, 2013). Additional charactertics include
the formation of heteromers GluA1/2 and GluA2/3. GluA1/2 heteromers are thought to be
trafficked by activity-dependent mechanisms, while GluA2/3 heteromer are cycled continuously
to sustain basal neural activity (Passafaro et al., 2001; Shi et al., 2001). Of particular importance
is the role of the GluA2 homomers as they are continuously cycled on and off the synaptic
membrane and are trafficked rapidly to this area in order to respond to fast synaptic activation.
Following LTP protocols (an electrophysiological model for memory) reports show a rapid
removal of GluA1 homomers that are replaced by GluA2 following high frequency stimulation
to induce LTP. This dynamic switch from GluA1 containing to a GluA2 containing synaptic
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contacts produces a disruption in the influx of calcium and results in a potentiated synapse (Isaac
et al., 2007). This understanding of the neural mechanism underlying LTP suggests that a
similar effect may occur during memory formation. This effect has been demonstrated in a
behavioral study which reports that removal of GluA2 subunits from the synaptic membrane
results in the rapid endocytosis of the subunits and a loss of contextual fear memory
discrimination ability along with an increase in generalized fear (Migues et al., 2016). Based on
the studies reviewed, we propose the following thesis objective.
5. Thesis Objective
It is known that trauma exposure can have long-lasting effects on the juvenile and adult
brain. While young animals do not maintain memories for as long as adults do, traumatic
experiences can induce long-lasting neurochemical and morphological changes that can be lifelong. Studies show that traumatic experiences affect different brain regions such as the
hippocampus, amygdala, and medial prefrontal cortex (mPFC) in humans and rodents. To date,
few studies have investigated trauma-induced memory formation in the mPFC of young and
adult rats as a direct comparison, with the involvement of glutamate AMPAr. Therefore, this
study hypothesized that AMPAr subunit GluA2 expression is differentially modulated in the
mPFC following trauma memory retrieval in adults and juvenile rats.
6. Methods

6.1. Subjects
For these studies, we use rodents of two ages adults (PN 90) and juveniles (PN 26). The
adult animals (all males) were purchased from Envigo (Indianapolis, ID) at twelve weeks of age
(Sprague-Dawley rats (275–325 g)). 1 week prior to behavioral testing, adult rats were housed
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individually at the Hunter College animal facility. The juvenile animals were derived from a
purchase of pregnant females (gestation day 18). The male offspring were weaned at PN 21 and
grouped house, with three animals per home cage. Group housing was chosen for younger
animals because of the higher level of social interactions (e.g., play) demonstrated by juvenile
rats (Pellis & Pellis, 2017; Thor & Holloway, 1984). This housing strategy is also consistent with
how the adults used in this study were housed during the juvenile stage. Animal quarters were
maintained at a constant temperature (22 ± 1 °C), and relative humidity (40–50%) with a 12 h
light/dark cycle (lights on at 8:00 h). Food (Harlan Teklad; Frederick, MD) and water were
available ad libitum. All experiments were performed following the Hunter College guidelines
outlined by the Institutional Animal Care and Use Committee (IACUC).

6.2. Trauma-exposed training and behavioral assessments
Training and behavioral assessment were carried out as previously reported (Zanca et al.,
2019). Briefly, groups of juvenile (PN26) and adult rats (PN90) were divided into two
groups: either trauma-exposed (adult, n=16; juvenile, n=14) or a no-trauma control (adult, n=16;
juvenile, n=18); these animals were further subdivided into groups that would be tested either at
one day or seven days post-trauma or no-trauma exposure. During training and before trauma
exposure, animals were individually placed in an open field (3′ x 3′ square enclosure) for five
minutes. At the base of the open field, there was a 6”x 6” x 4’ pedestal. After five minutes,
animals in the trauma-exposed group were placed on top of the pedestal for sixty minutes.
Animals in the no-trauma control group were given the same five minutes to roam the open field
and were then taken back to their home cage immediately after the five minutes had elapsed.
During test day, all animals, regardless of their condition, were placed back in the open field for
five minutes before being taken back to their home cages. Fear associated behaviors were
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recorded and analyzed off-line. Freezing time was registered by quantified using a stopwatch by
experimenters who were unaware of the rats’ condition. Animals that exhibited freezing during
the intial open field exposure and failed to explore the novel environment (two-second minimum
latency) were dropped from the experiment.
Novel Context Exposure: In order to determine whether the trauma-induced freezing was
context-specific, an additional set of animals from the trauma-exposed condition (adult, n=8;
juvenile, n=7) and no trauma control condition (adult, n=8; juvenile, n=9) were tested for
context-specific freezing in a novel context that did not have the pedestal platform (Fig. 1A and
1B).

6.3. Tissue sample collection and fractionation
Following testing, at either 1d or 7d, animals were sacrificed after 30 minutes. Whole brains
were collected and immediately flash frozen in 2-methyl-butane. Brains were sectioned at 100
μm and kept on microscope slides at −80 °C. mPFC regions were dissected with a dissecting
microscope and subsequently prepared into cytosolic and synaptic fractions as previously
reported (Zanca et al., 2019). Briefly, tissues were thawed and immediately submerged in TEE
(Tris 50 mM; EDTA 1 mM; EGTA 1 mM) buffer prepared with a SigmaFast, protease inhibitor
cocktail (Sigma Aldrich) diluted to contain AEBSF (2 mM), phosphoramidon (1 μM), bestatin
(130 μM), E-64 (14 μM), leupeptin (1 μM), aprotinin (0.2 μM), and Pepstatin A (10 μM). The
collected tissues were homogenized in 200 μl of the TEE-homogenization buffer with a
motorized homogenizing pestle. To ensure complete homogenization each sample was given 20
pumps. Homogenates were transferred to Eppendorf tubes and centrifuged at 3000 g (5 min at 4
°C). The resulting supernatant was collected and centrifuged at 100,000 g for 30 minutes. After
ultracentrifugation, the supernatant was collected and stored as the cytosolic fraction. The
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remaining pellet was resuspended in 100 μl of homogenizing TEE buffer containing 0.001%
Triton X-100; placed on ice for one hour inside a 4 °C refrigerator for incubation; and then
centrifuged at 100,000 g for one hour at 4 °C. The resulting pellet was resuspended in 50 μl of
TEE buffer, collected and stored as the synaptic fraction (Nogues et al., 1994). The protein
concentration for each sample was determined using the Pierce bicinchoninic acid assay (BCA)
(Thermo Scientific, Rockford, IL). Samples were subsequently reduced with 4x Laemmli buffer
equivalent to 25% of the total volume of the sample and then boiled and stored frozen at −80 °C
for future Western blot analyses.

6.4. Protein quantification and Western blot analysis
The following protocol was adapted from Zanca et al., 2019 (Zanca et al., 2019). Briefly,
samples of 15 μg were loaded onto a Tris/Gly 4–20% midi™ gel to resolve alpha-tubulin (55
kDa), GluA1 (102 kDa), GluA2 (102 kDa) and GluA3 (102 kDa). Three to four lanes of each
gel were loaded with the same control sample, (all brain samples, ABS). ABS was used to
standardize protein signals between gels. Gels were transferred to nitrocellulose membranes in
the IBlot® Dry Blotting System (Life Technologies; Carlsbad, CA) for 7 min. Nitrocellulose
membranes were then incubated in blocking solution containing 5% sucrose in Tris buffered
saline with Tween-20 (TBST; 0.1% Tween-20 in TBS) for 30 min at room temperature. Samples
were incubated overnight with the following primary antibodies: alpha-tubulin (1:2000;
Millipore, Burlington, MA), GluA2 (1:2000; Millipore, Burlington, MA), GluA1 (1:2000;
Millipore, Burlington, MA) and GluA3 (1:2000; Millipore, Burlington, MA). Following primary
antibody incubation, membranes were washed in TBST for 20 min and then probed with
horseradish peroxidase (HRP) conjugated secondary antibody. To visualize the bands,
membranes were incubated with enhanced chemiluminescence (ECL) substrate and exposed on
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CL-XPosure Film (Thermo Scientific; Rockford, IL). In order to standardize protein
concentration loaded on gels, α-tubulin was used as a control. Films were scanned for
quantification with NIH Image J.

6.5. Statistical Analysis
For behavioral analyses, separate statistical tests were run on animals tested either 1d or 7d
after training. For 1d animals, a 3-way ANOVA was used because this group included the
following conditions: age (adult or juvenile) x trauma (pedestal or home cage control) x context
(familiar or novel) treatment (Fig 2A). For 7d animals we used a 2-way ANOVA for age x
trauma treatment interactions (Fig 2B). Molecular analyses were also separated by 1d or 7d
groups and analyzed using 2-way ANOVA (age x stress treatment) with Tukey-corrected t-tests
for post-hoc analyses (Fig 3A-C). Prism GraphPad 6.0 Statistical Package (La Jolla, California)
was used for all analyses.
7. Results

7.1. Recent and remote traumatic-memory retrieval
To evaluate the behavioral consequences on context-specific freezing between adults and
juveniles, (Fig. 2A), we use a three-way analysis to incorporate the effects on age (juvenile and
adult), treatment (trauma-exposed and control), and context (trauma context and novel context).
Our analysis shows an overall effect of trauma context, (F(3, 44) = 8.68, **p < .01), with no
effect of age (F(1, 44) = 2.14, p = 1.50). Post-hoc analyses show significant differences between
trauma-exposed juveniles and all other conditions [juveniles no-trauma + TC (*p < .05), traumaexposed + novel context (NC) (*p < .05), no-trauma + NC (*p < .05); adult no-trauma + TC (**p
< .01), trauma-exposed +novel context (NC) (**p < .01), no-trauma + NC (**p < .01)].
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Seven days post-trauma, we evaluated freezing responses to the trauma context between two
ages (juvenile and adult, Fig 2B). Our results show an overall effect of trauma (F(1,27) = 9.29,
**p < .01), with no effect of age (F(1, 26)=1.33 p=.26). A post-hoc analysis shows that traumaexposed adults increase freezing compared to no-trauma control adults, (*p < .05). Conversely,
there was no significant difference in freezing behavior between juvenile trauma-exposed and
no-trauma controls.

7.2. AMPAr subunit expression
Western blot analyses of AMPAr subunits (GluA1, GluA2, and GluA3) expression in mPFC
at 1 day or 7 days post-trauma were evaluated using a two-way ANOVA. GluA1 expression 1d
following trauma (Fig 3A) shows an overall effect of trauma (F(1, 25)=7.53, p < .05) with no
effect of age and no interaction. There were no significant post-hoc tests. At 7-day post-trauma,
GluA1 expression (Fig 3B) shows an overall effect of age (F(1, 21)=5.92, p < .05) with no effect
of trauma or an interaction. There were no significant post-hoc tests. GluA2 expression 1-day
post-trauma (Fig 4A) shows an overall effect of trauma (F(1, 25)=22.08, p < .01), an effect of
age (F(1, 25)=13.79, p < .05), and no interaction. Post-hoc analysis shows trauma-exposed adults
significantly decrease GluA2 expression compared to no-trauma adult controls (**p < .01) and
compared to trauma-exposed juveniles (**p < .01). At 7 days post-trauma, GluA2 analysis (Fig.
4B) shows an overall effect of trauma (F(1, 29)=5.46, p < .05), and no effect of age or an
interaction. Post-hoc analysis shows that trauma-exposed adults significantly increase GluA2
expression compared to no-trauma adult controls (*p < .05) and compared to trauma-exposed
juveniles (**p < .01). At one-day and seven-day GluA3 expression (Fig. 5A & 5B) show no
overall effects of trauma, age or an interaction (p > .05).
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Figures:

Fig. 1. Experimental design, training and testing context. A) Rats were trained on day 1 and
either tested the following day or on the 8th day. Tissue was collected 30 min after test. B) Rats
were allowed to explore the open-field prior to platform trauma or home-cage, and then reexposed to the trauma context (TC) or a novel context (NC) at day 2 or day 8. (Fig. Originally
published in Zanca et al., 2019)

A

B

Fig. 2. Memory retrieval test for trauma or novel context. A) 1-day following trauma juveniles
and adults increase freezing when tested in the trauma context (TC) compared to all other
conditions (*p < .05). B) 7d post trauma juveniles do not freeze differentially from no-trauma
exposed controls. Trauma exposed adults show increased freezing during the 7d memory test
compared to age-matched no-trauma controls (*p < .05).
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Fig. 3. mPFC GluA1 synaptic expression following 1-day or 7-day trauma memory retrieval.
A) 1-day following trauma shows an overall effect of trauma (T*) with no significant posthoc tests. B) 7-day following trauma analysis shows an overall effect of age (A), no effect of
trauma and no significant post hoc tests. *p<.05.
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Fig. 4. mPFC GluA2 synaptic expression following 1-day or 7-day trauma memory retrieval.
A) 1-day following trauma exposure shows significant post-hoc tests between traumaexposed juveniles and adults (**p<.01) and significant differences between trauma-exposed
adults and adult controls (**p<.01). B) 7-day following trauma exposure shows significant
post-hoc tests between trauma-exposed adults and adult controls (p<.05), and between
trauma exposed juveniles and adults (p<.05).
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Fig. 5. mPFC GluA3 synaptic expression following 1-day or 7-day trauma memory retrieval.
A) 1-day following trauma adults and juvenile rats do not modulate GluA3 differentially
between treatment conditions either 1-day post trauma (A) or 7-day post-trauma (B).
8. Discussion
Our behavioral results show a noticeable difference between juvenile and adult memory
capacities and differential engagement of the adult mPFC. Our use of the elevated traumainducing platform paradigm identified that juveniles and adults activate the mPFC differentially.
The data show that both juveniles and adults maintain a contextual traumatic memory for one
day, while only the adults demonstrated a long-lasting seven day memory for the traumatic
event. Biochemical analyses focused on the different AMPA receptor subunits expressed within
the synaptic membrane in the mPFC as a molecular marker for PTSD-relevant psychopathology.
Our results show that adult rats decrease GluA2 at one day but increase GluA2 at seven days, an
effect not shown in the juvenile rats.

8.1. Juveniles show limited long-term memory capabilities
Our behavioral results show that juvenile rats do not show a seven-day memory for the
trauma context, but adults do. We interpret this result as reflecting an underdeveloped circuitry
essential for long-term memory formation. This interpretation is consistent with the literature
showing that juvenile rats have fewer spines and less dense hippocampal branching compared to
adults (Iniguez et al., 2016; Pinzon-Parra et al., 2019). The lack of a 7-day trauma memory may
reflect the underdeveloped nature of both the mPFC area and its dendritic spines as shown in
other crucial structures that are involved in memory formation and retention such as the
hippocampus. Several behavioral reports have illustrated similar effects using fear conditioning.
For example, juvenile rats given fear conditioning show robust freezing when tested immediately
after conditioning, but show substantial forgetting 48 hours later (Kim & Richardson, 2007; Li &
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Richardson, 2013). Similar results are reported in experiments using the inhibitory avoidance
task. Rats trained at PN18 and PN23 failed to exhibit avoidance compared to PN54 and PN100
rats (Campbell & Campbell, 1962). A similar effect is observed in infant rodents trained in the
Morris water maze showing excellent memory retention when tested 24 hours after training but
not when tested 30 days later (Guskjolen et al., 2017). Adults were not evaluated in this study.
Together, these studies indicate that an age-dependent neurobiological mechanism may modulate
threat memory in the young brain.

8.2. Juveniles do not modulate GluA2 expression during trauma
In our biochemical analyses, we show that juvenile rats do not engage GluA2 in the mPFC
either at 1-day or 7-day following trauma, unlike the adults. Findings regarding the unchanged
expression of AMPAr subunits in the juvenile mPFC could be due to the underdeveloped
circuitry of the young animals (Akers et al., 2012; Madsen & Kim, 2016) The mPFC matures
late and undergoes an extensive period of growth with an increase in synaptic density during
early development, (Zhang, 2004) but also during adolescence (Markham et al., 2007; Rubinow
& Juraska, 2009). While we solely evaluated the expression of AMPA receptors subunits in the
mPFC in this study, we believe that the immature nature of both the hippocampus and amygdala,
in addition to the mPFC, collectively contribute to the observed absence of GluA2 expression in
the mPFC following trauma. Studies show that the protracted development of key brain regions
(i.e., hippocampus, amygdala, mPFC) essential for learning and memory, plays a crucial role in
limiting the juveniles’ capacity for traumatic memory retention (Akers et al., 2012; Madsen &
Kim, 2016; Semple, Blomgren, Gimlin, Ferriero, & Noble-Haeusslein, 2013). The gradual
emergence and maturation of trauma-induced response and memory are likely due to the
continuing development of brain structures modulating these functions through infancy until
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adulthood (Madsen & Kim, 2016). Additional brain regions that may potentially limit the
function of the PFC are the hippocampus and amygdala. The hippocampus is critical for
episodic memory formation and contextual learning (Anagnostaras, Maren, & Fanselow, 1999;
Rolls, 1996). It is also a structure that matures late and which undergoes significant anatomical
and physiological changes after birth (Bachevalier & Beauregard, 1993; Pressler & Auvin,
2013). Likewise, the amygdala also follows a developmental pattern of rapid growth during
infancy, with slower but continuous growth until adolescence (Berdel, Morys, & Maciejewska,
1997; Mizukami, Nishizuka, & Arai, 1983). All of these factors may affect the molecular
processes needed for the expression of AMPA receptor subunits in the mPFC

8.3. mPFC -amygdala – hippocampal circuitry and long-term traumatic memory
The studies mentioned above support the notion that the circuitry between mPFC and
hippocampus and between mPFC and amygdala underlie the regulation of threat memory early
in life (Kim & Richardson, 2010; Li et al., 2012). For example, it was recently demonstrated
using temporary inactivation procedures, that the prelimbic area of the mPFC is critical for the
expression of learned fear in juvenile rats but not in infant rats (Li et al., 2012). Additional
studies in rodents show that at the cellular level, there are several developmental changes in the
limbic and the prefrontal regions during the juvenile and adolescent period. These rapid
morphological and biochemical changes could influence the capability of young rats to retain
long-term memories. For example, an overproduction of axons and synapses in early puberty is
followed by rapid synaptic pruning later in adolescence (Crews et al., 2007). Furthermore,
pruning appears to highly localized, taking place in the amygdala (Zehr et al., 2006) and the
prefrontal cortex (Andersen & Teicher, 2004; Andersen et al., 2000). Density projections
connecting the amygdala, prefrontal cortex, and the hippocampus continue to grow into
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adulthood (Afroz et al., 2016; Cunningham et al., 2002). Additionally, glutamatergic projections
arising from the amygdala to the mPFC are involved in the consolidation of aversive memories
and emotional regulation (Phelps & LeDoux, 2005). Proper development and strengthening of
the amygdala-mPFC connectivity is thought to be required for PFC modulation of amygdaladependent behaviors, such as fear regulation (Garcia, Vouimba, Baudry, & Thompson, 1999;
Hariri, Mattay, Tessitore, Fera, & Weinberger, 2003). Disruption of this connectivity during
early life has been correlated with the severity of affective disorders (Burghy et al., 2012). It can
be established that the critical brain regions and their connecting projections may not have
achieved full functionality, and are therefore not engaged during this traumatic event paradigm.
Further analyses of brain development and trauma-induced memory formation are needed to
understand the age at which this circuitry becomes fully developed and engaged.

8.4. Modulation of GluA2 in mPFC following trauma in adults
Our results with adult rats show that at 1 day following trauma, adults decrease expression
of GluA2, while at 7 days post-trauma, adults increase GluA2 within mPFC. The observed
reduction of GluA2 at 1-day could be the result of increased phosphorylation of GluA2 at S880.
The S880 phosphorylation site has been suggested to play a critical role in receptor trafficking
and synaptic plasticity; there is evidence that implicates the phosphorylation of S880 in LTD.
For example, when GluA2 is phosphorylated at S880, this receptor subunit is endocytosed,
leading to a reduction in GluA2 expression on the synaptic membrane. We hypothesize that a
similar mechanism is occurring in adults during memory retrieval at 1-day post-trauma. Indeed,
there is evidence showing that 1 hour after threat memory retrieval, there is a significant
downregulation of the GluA2 subunit by endocytosis (Rao-Ruiz et al., 2011).
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Our molecular results join the work of others in beginning to understand the neurobiological
mechanisms of memory retrieval. At 7 days following trauma in adults, an opposing mechanism
as the one described above could be involved. Xue et al., 2015 (Xue et al., 2015) reported an
increase in the expression of GluA2 following long-term memory for fear conditioning.
Furthermore, preventing GluA2 endocytosis (stabilizing GluA2 on the synaptic membrane) with
injections of GluA23Y interference peptide increased fear context-specific freezing for up to
two weeks after initial acquisition of the fear memory (Migues et al., 2010; Migues et al., 2016).
These studies suggest that maintaining high levels of GluA2 on the synaptic membrane is
important for the longevity of memory. It is unclear at what time following trauma the GluA2
expression needs to increase in order for the memory to be preserved. Our results examined the
expression levels of GluA2 at one day and seven days following trauma. A significant gap
remains in understanding when GluA2 levels begin to increase. It is also unknown, in our
paradigm, whether GluA2 is increasing in adults at seven days due to the memory retrieval or is
increasing due to the long-term effects of trauma memory consolidation. These are essential
questions that remain to be addressed.
9. Conclusions and clinical implications
While it is attractive to think that only one brain region is involved in fear and traumatic
memory modulation, that is not the case. Research has shown that contextual fear learning
engages the mPFC, together with the hippocampus and amygdala during acquisition,
maintenance, retrieval and expression of contextual fear memory (Kim et al., 2011; Preston &
Eichenbaum, 2013). These studies highlight the integrative circuitry that is essential for trauma
memory consolidation and retrieval. Different psychiatry disorders such as substance abuse,
anxiety disorders, and trauma-related disorders such as post-traumatic stress disorder have robust
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learning and memory components. Advancements in basic research have allowed investigators to
manipulate a different aspect of memory formation. As a result, there is an increasing number of
clinical research centered on disrupting memory. The basis of this approach arises from scientific
findings that memories can become labile after they are retrieved; in other words, the original
memory can be transformed by the presentation of a new stimulus or by psychopharmacological
agents. This is particularly important if the original memory being altered is a traumatic memory
that could potentially cause adverse effects. To date, however, the results of clinical treatments
for trauma-induced psychopathologies have been inconsistent. Understanding the underlying
mechanisms of memory across brain regions can only aid our search for efficacious treatments.
Our research uses a novel setting that engages the ontogenetic changes in rodents to reveal how
traumatic memory formation is modulated biochemically.
Investigation of the different neurochemical changes and responses in juvenile and adult
rats during context-specific trauma exposure is one step further in elucidating the basic processes
of memory. Our findings reveal differential expression of AMPA receptor subunit GluA2 in the
mPFC, following the retrieval of a 1-day trauma memory in adults, while juveniles do not appear
to modulate the expression of GluA2 in the mPFC. While both ages retain the trauma memory
for 1-day, only adults retain the trauma memory for 7-days. The data presented offers a unique
and isolated role for mPFC in identifying the age-specific role that this region plays in traumaexposed adults but not juveniles. Furthermore, it recognizes the mPFC as a potential therapeutic
target in adults. The ontogenetic change in the expression of AMPA receptors that is consistent
with our behavioral data is currently limited to male animals only. Incorporating females in
these types of neural and behavioral rodent studies are important as there are reports showing
that women are twice as likely to develop anxiety and trauma-related psychopathologies than
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men (Tolin & Foa, 2006). Additionally, investigations of females in proestrus indicate that
during this estrus stage, animals reveal an increase in dendritic spines in the mPFC compared to
males after being exposed to chronic-stress (Garrett & Wellman, 2009). Future studies will need
to explore the sex differences within our behavioral paradigm and the resulting molecular
modulation of AMPAr. Additionally, a significant gap remains in understanding when GluA2
levels begin to increase in the developing brain following traumatic events. Further work is
needed to identify this critical period of GluA2 expression.
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